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Introduction
Oryzophagus oryzae (Costa Lima) (Coleoptera: Curculionidae) is a highly damaging insect to rice fields in Southern Brazil, where more than 80% of this crop is cultivated in flooded system (Acompanhamento…, 2015) . Known as rice water weevil, O. oryzae hibernates in its adult phase in native plants and plant waste, inside and around rice fields (Martins & Cunha, 2015) . With the increasing temperature and photoperiod (Mielitz et al., 1996) , and the beginning of crop flooding in the spring, adults leave the hibernation sites by short flights and, predominantly, through irrigation water, and invade the rice fields from September to Pesq. agropec. bras., Brasília, v.52, n.4, p.228-235, abr. 2017 DOI: 10.1590/S0100-204X2017000400002
December, feeding on rice leaves. O. oryzae oviposit on the submerged parts of leaf sheaths, close to the upper limit of irrigation water, and its larvae -known as rootworms for feeding on rice roots -hatch about ten days after oviposition. In the 2 nd instar, larvae penetrate the soil up to 6 cm depth (Neves et al., 2011) , they can entirely prune roots (Eberhardt et al., 2015) , and reduce rice yield by about 20% (Martins & Cunha, 2015) . In the state of Rio Grande do Sul, at least two annual generations of O. oryzae occur in rice fields. Although some practices of rice crop management reduce the adult population and larvae of O. oryzae (Gomes & Magalhães Júnior) , the predominant control measure in Rio Grande do Sul is seed treatment with fipronil (pyrazole chemical group) that acts by contact and ingestion. This active ingredient has been applied in excess and, for each crop, the cultivated area with treated seed is estimated in 650,000 ha (Martins & Cunha, 2015) .
However, there is potential to reduce the fipronil amount in the control of O. oryzae. Althought the recommended dose of this insecticide is 30 to 37.5 g 100 kg -1 seed (Agrofit, 2016) , some studies show that only 1/3 of the smallest registered dose, equivalent to 10 g fipronil 100 kg -1 seed, is enough for an effective control (Martins et al., 2010) , and may reduce rice production costs and risks of environmental contamination. In soils of flooded rice cultivations, fipronil photodegradation generates fipronil-desulfinyl (Ngim & Crosby, 2001 ). Fipronil-sulfone and fipronilsulfide are generated under aerobic (by oxidation) and anaerobic (by reduction) conditions, respectively (Doran et al., 2009 ). These metabolites have low mobility in the soil, can reach up to 15 cm depth (Tingle et al., 2000) , and persist for long periods (Bonmatin et al., 2015) . In some situations, these metabolites are much more toxic than the original active ingredient (Cox, 2005) .
Fipronil and its metabolites may accumulate in the soil and in sediments of rice fields (Bedient et al., 2005; Mattos et al., 2008) , as well as in adjacent rivers (Marchesan et al., 2010) , harming several aquatic organisms (Cox, 2005; Jinguji et al., 2013; Manrique et al., 2013) . In a carciniculture in flooded rice fields in Louisiana, USA, fipronil residues from seed treatment for the control of rice water weevil (Lissorhoptrus oryzophilus Kuschel) have caused damages to crayfish Procambarus clarkii Girard (Schlenk et al., 2001 ).
The objective of this work was to evaluate the potential of fipronil (a.i.) residual content in the soil of flooded rice fields, for the control of Oryzophagus oryzae (Coleoptera: Curculionidae) in subsequent rice cultivations.
Materials and Methods
The experiment was carried out in four crop seasons (from 2010/2011 to 2013/2014) , in a Planossolo Háplico (Typic Albaqualf), at Embrapa Clima Temperado, in Capão do Leão, at 31º48'45"S and 52º27'59"W, in the state of Rio Grande do Sul, Brazil. The area has a history of O. oryzae occurrence, and it has never been cultivated with seed treated with fipronil a.i. On October 21, 2010 (2010/2011 crop season), three adjacent plots (25x55 m) were installed with the rice 'BRS Querência', in an uniform soil (no slope), in a completely randomized design. This experimental model was chosen due to soil uniformity (flat surface), which is essential for the formation of an irrigation water depth of the same thickness in the three plots, with uniform distribution of O. oryzae adults.
Each plot received one of the following treatments: the minimum registered dose for the control of O. oryzae, equal to 30 g fipronil (a.i.) 100 kg -1 seed; a mixture of 1/3 of treated seed (30 g fipronil 100 kg -1 seed) with 2/3 of untreated seed, equivalent to the approximate dose of 10 g fipronil (a.i.) 100 kg -1 seed, according to Martins et al. (2010) ; and a control treatment without insecticide application.
Seed were treated 18 hours before the mechanized sowing (density 90 kg seed ha -1 ), in spaced rows in the soil that was plowed 20 days before the conventional cultivation. The other agronomic practices were applied according to technical procedures for rice culture (Gomes & Magalhães Júnior, 2004) , excluding, however, the use of insecticides.
The plots, isolated by levees, were flooded 23 days after the emergence of rice seedlings with a 15 cm water depth. The larval infestation level of O. oryzae was evaluated 30 and 48 days after flooding, in standard samples of soil and roots, which were collected and examined according to Neves et al. (2011) . The first assessment occurred when five larvae per sample were detected in the control plot, which is established as the economic damage level (threshold) caused by O. oryzae (Martins & Cunha, 2015) . In Pesq. agropec. bras., Brasília, v.52, n.4, p.228-235, abr. 2017 DOI: 10.1590/S0100-204X2017000400002 each assessment, two samples were collected from 15 equidistant points on the diagonal line of each plot, and each point was considered as a repeat.
At 48 days after flooding, two more samples of soil and roots were collected from each sampling point to count the adults (weevils) that developed and emerged from the roots, according to the methodology of Martins et al. (2001) . These samples, kept intact with stem parts (20 cm) on the top, were submerged 10 cm in water, inside plastic buckets covered by a screen fabric. The counts, which began 10 days after sample submersions, continued at 2 to 3-day intervals, during 35 days, at higher temperature schedules, when emerged adults moved to the edge of the buckets.
In the crop seasons 2011/2012, 2012/2013, and 2013/2014 , the agronomic practices for rice, and the count methodology for larvae and adults of O. oryzae were equal to those adopted in 2010/2011. However, seed used in the three plots were not treated with the insecticide. There were changes only for sowing dates -November 9, 2011, November 26, 2012, and November 30, 2013 -and respective flooding dates (21, 18, and 19 days, after seedling emergences), larval counts (27 and 49, 52 and 87, and 50 and 85 days after flooding), and adult counts (starting 59, 62, and 50 days after flooding). Rice grain yield was estimated by the harvests at nine equidistant areas (2x4 m) from each plot, considering each area as a repeat.
In 2011/2012 and 2012/2013, for the analysis of residual fipronil, fipronil-sulfide and fipronil-sulfone, soil samples were collected between the rice rows at 5 cm deth, through a section of PVC pipe (5 cm diameter), in five equidistant points in each plot. From each point, three subsamples were taken to form a composite sample. In 2011/2012, this sampling was performed 25 days after the initial count of O. oryzae larvae, in order to identify possible residual effects of fipronil on the insects, from the 2010/2011 crop season, which justified the chemical analyses. In 2012/2013, soil samples were collected 20 days after flooding the plots. Immediately after collection, the samples were frozen until analysis by liquid chromatography and mass spectrometry (LC-MS/MS) according to AOAC International (2007) -in a lab with official accreditation (Bioensaios, 2016) . The soil samples were collected in the second (February 04, 2012) and third (January 10, 2013) rice crop seasons, respectively at 470 and 810 days after the first rice sowing (in 2010/2011), when seed treated with fipronil were used.
For the statistical analysis, the program Assistat (Silva & Azevedo, 2002) was used, and the normality of the previously obtained data was checked by the Shapiro-Wilk test. The number of larvae and adults of O. oryzae (x) was normalized by the transformation into (x + 0.5) square root. These variables and rice grain weight (without transformation) were subjected to two types of analysis of variance: the joint analysis of the four crop seasons, comparing the effect of rice seed treatment with fipronil (2010/2011) to the effects detected in the three crop seasons without using insecticide (2011/2012 to 2013/2014) ; and the joint analysis of the three crop seasons without using insecticide. Based on the significance of the F test, the means were compared by the Scott-Knott test, at 5% probability. The relationship between the emergence level of adults and grain weight was analyzed with the larval infestation level, by correlating the means of the treatments in the four crop seasons [N = 12, t test (p ≤ 0.01)].
Results and Discussion
In 2010/2011 and in the tree subsequent rice growing seasons, the level of larval infestation of O. oryzae in the control plot -with seed without fipronil treatment -was about 3-5 times higher than that of the economic damage threshold level of five larvae per sample, established for this insect (Martins & Cunha, 2015) . In 2010/2011 and 2011/2012, this level was reached at about 30 days after flooding; however, in 2012/2013 and 2013/2014, it was reached only later, about 50 days after flooding. Possibly, this occurred because, in the 3 rd and 4 th crop seasons, rice was sown in late November, which allowed plants to get free of the 1 st larval generation (November-December). Plants would have been infested, then, by the 2 nd generation of larvae, which occurred from February to March (Martins, 1976) . Displacements of infestation, however, were not shown in the results of the experiment, since in 2012/2013 and 2013/2014, the level of larval infestation in the control plot was respectively higher than and equal to the detected levels in the previous crop seasons. In the four crop seasons, larval infestation in the control plot was significantly higher than in plots with treated seed (Table 1) The management practices -basically the cleaning of irrigation structures and the destruction of stubble -applied to the experimental area after harvesting are antagonistic to the survival of adults of O. oryzae (Gomes & Magalhães Júnior, 2004) . In this case, the detected larvae in the plots may have originated predominantly from the oviposition of adults that migrated from hibernation sites outside the experimental area (Mielitz et al., 1996) . Therefore, in a paddy field, it is less likely for a larval infestation level significantly lower to reflect in a smaller autochthonous population of adults (derived from seed treatment) that remained in the same area in the off-season.
In 2010/2011, the larval infestation levels of O. oryzae, in plots with fipronil (a.i.) at 10 g 100 kg -1 and 30 g 100 kg -1 seed, did not differ significantly and reached a high control effectiveness (Table 1) . This confirms previous results (Martins et al., 2010 ) that even the dose at 10 g of the insecticide, equivalent to 1/3 of the minimum registered dose (Agrofit, 2016), effectively controls the insect.
In 2011/2012, 2012/2013, and 2013/2014, when no insecticide was applied to rice seed, the larval infestation levels of O. oryzae in the plot with treated seed with 30 g fipronil did not differ significantly from the level detected in the first crop season (2010/2011), and the high control efficiency was kept (Table 1) . However, in the plot with seed treated with 10 g fipronil, from 2011/2012 onward, larval infestation was significantly higher, which showed a loss of the toxic effect of the treatment.
The significantly lower levels of larval infestation of O. oryzae, which were kept in 2011/2012, 2012/2013, and 2013/2014 , in the pre-cultivated plots with seed treated with 10 g and 30 g fipronil (Table 1) , probably resulted from the insecticide effect on the insects, related to fipronil residues in the soil. This inference is based on the detection of fipronil-sulfide at concentrations above the limit of quantification (0.5 µg kg (Table 2) . Fipronil-sulfide and other metabolites derived from degradation of fipronil insecticide, when reach an average concentration in the soil of 1 μg kg -1 above the limit of detection, may exert deleterious effects on (1) Means followed by equal letters, lowercase in the columns and uppercase in the rows, do not differ by the Scott-Knott test, at 5% probability.
(2) Equivalent to 10 g (fipronil 10) and equal to 30 g (fipronil 30) 100 kg -1 seed.
(3) Means of crop seasons without insecticide application. (4) CE, control efficiency according to Abbott (1925) . 
Without insecticide application, and analysis of residues in the soil samples, respectively at 470 and 810 days after sowing in 2010/2011 with treated seed. crayfish Procambarus clarkii, in case of the future use of rice areas for rearing this crustacean (Bedient et al., 2005) . Therefore, fipronil-sulfide detected above the limit of quantification (Table 2 ) may also have exerted a similar toxic effect on O. oryzae in the three crop seasons following 2010/2011. The fact that fipronil-sulfide was the only residue detected (Table 2 ) is attributed to a fast reductive degradation of fipronil, and to the strong sorption to the soil under anaerobic conditions, which is common in flooded areas (Doran et al., 2009) . As fipronilsulfide was detected in the crop seasons 2011/2012 and 2012/2013, it is inferred that the management practices applied to the experimental area -mainly the harrowing (pre-sowing and post-harvest) and the continuous plot flooding -created favorable edaphic conditions for this metabolite permanence in the soil. The harrowing tends to stir the soil at less than 15 cm depth (Gomes & Magalhães Júnior, 2004) , as deep as this metabolite type can be adsorbed (Tingle et al., 2000) and remain with low mobility (Raveton et al., 2007) . The continuous flooding, without leaks, possibly maintained the highest content of fipronil-sulfide in the soil. Thus, the fipronil-sulfide potential to control O. oryzae in subsequent rice crop seasons is evident, since it is more frequent and durable in flooded soils, and about as twice as toxic to aquatic organisms than fipronil (Fipronil, 1996) . This can make it unnecessary to apply insecticides on rice seed and plants, which would reduce the production costs.
O. oryzae adults may have been contaminated themselves directly with fipronil (from the original application), in the 2010/2011 crop season, when treated seed were used, as insecticide residues would have risen from the soil to the irrigation water, despite the low-to-moderate persistence in this medium (Ngim & Crosby, 2001 ). In the three following crop seasons (untreated seed), the probability of adults to be contaminated by irrigation water was lower because the insecticide had been degraded already in fipronilsulfide (Doran et al., 2009) adsorbed in the soil (Tingle et al., 2000) . In this case, other effects of fipronil or its metabolites on adult insects, such as repellency, would hardly occur. There are indications that fipronil volatilization is ineffective in water (Ngim & Crosby, 2001) , and that, when sprayed, it remains volatile only for a short time (Bonmatin et al., 2015) . Thus, the main deleterious effects on O. oryzae, detected in the last three crop seasons, resulted from direct contamination of larvae by fipronil-sulfide concentrated in the rhizosphere, which may have acted by contact or ingestion (Agrofit, 2016) .
The risk of environmental contamination by fipronil may be decreased if, for the control of O. oryzae, the dose of this insecticide applied do rice seed (30 g 100 kg -1 seed) is 70% reduced (Martins et al., 2010) . In addition, there is potential to use the insecticide residual content in the soil, even that of the dose equivalent to 10 g 100 kg -1 seed, evidenced in the present study. Given the possibility of not using chemical control of O. oryzae in rice fields pre-cultivated with fipronil treated seed, in the first sowing, the option for a smaller or larger dose of the insecticide should be based in the history of the insect occurrence in the area to be cultivated.
The rate of emergence of O. oryzae adults from rice roots, in the four rice growing seasons (Table 3) , was proportional to larval infestation (Figure 1 A) . The joint analysis of the number of adults emergence, in three crop seasons without the use of the insecticide, showed a lower control efficiency of these insects in the plot initially cultivated (2010/2011) with seed treated with 10 g fipronil 100 kg -1 seed (Table 3) . However, the Abbott (1925) . possible harmful additional effects of residues to the biology of insects which emerge were not evaluated, and should be the focus of a new study.
The rice grain yield in the four crop seasons (Table 4) was negatively related to the larval infestation level of O. oryzae (Figure 1 B) . The grain yield was significantly higher in plots cultivated in 2010/2011 with seed treated with 10 or 30 g fipronil. As, in these plots, larval infestations were significantly lower in the three subsequent rice crop seasons, without the use of the insecticide, it is evident that the control effect of doses applied to seed in 2010/2011 was kept and prevented production losses.
As a final remark, it is emphasized that O. oryzae occurs in rice fields in different soil classes (Gomes & Magalhães Júnior, 2004) , which may lead to variations of the persistence of fipronil and its metabolites (Doran et al., 2009) . Thus, it is important to study the effect of fipronil residues on the insects at least in the predominant classes of soil.
Conclusions
1. The conventional management of flooded rice, in Planossolo Háplico (Typic Albaqualf), using seed treated with fipronil, causes an accumulation of insecticide residues in the soil, such as fipronil-sulfide.
2. Fipronil residues have the potential to reduce the population of O. oryzae and prevent rice yield losses in up to three subsequent crop seasons. 
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